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Increases  in  antibiotic  minimum  inhibitory  concentrations  (MICs)  for Pseudomonas  aeruginosa  during
treatment  are  commonly  observed  but  their  relationship  to  efflux  overexpression  remains  poorly  docu-
mented.  In  this  study,  pairs  of  first  [at time  of diagnosis  (D0)]  and  last  [during  treatment  (DL)]  P. aeruginosa
isolates  were  obtained  from  patients  treated  for suspicion  of nosocomial  pneumonia.  Pair  clonality  was
determined  by  repetitive  extragenic  palindromic  PCR.  Overexpression  of  mexA  and  mexX was assessed
by  real-time  PCR,  and  expression  of mexC  and  mexE  was  assessed  by  PCR.  Antibiotics  received  by  patients
before  and  during  treatment  were  determined  from  clinical  charts.  For  D0 isolates,  24%  were  from  patients
without  antibiotics  for  1 month  and  64%  were  negative  for  mexA/mexX  overexpression  and  mexC/mexE
expression.  For  DL isolates,  approximately  one-half  of  the  patients  had  received  piperacillin/tazobactam,
amikacin,  meropenem  and/or  cefepime,  and  17%  had  received  ciprofloxacin  (alone  or  in combination);
38%  did  not  show  changes  in expression  of  the  four genes,  whereas  38%  showed  increased  expression
for  one  gene  (mainly  mexA  or mexX),  19% for two  genes  (mainly  mexA  and  mexX)  and  5%  for  three  or
four  genes.  Isolates  overexpressing  mexA  or mexX  had  median  MICs  above  EUCAST  clinical  resistance

breakpoints  for ciprofloxacin,  cefepime  and  meropenem,  or for ciprofloxacin,  amikacin,  cefepime  and
meropenem,  respectively.  mexA  or mexX  overexpression  was  statistically  significantly  associated  with
patients’  exposure  to ciprofloxacin  and  meropenem  or cefepime  and  meropenem,  respectively.  Overex-
pression  of genes  encoding  antibiotic  transporters  in  P.  aeruginosa  during  treatment  is frequent  and  is
associated  with  increases  in  MICs above  EUCAST  clinical  susceptibility  breakpoints.
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1. Introduction

With its large genome, Pseudomonas aeruginosa shows a remark-
able adaptability for surviving under antibiotic selection pressure
[1]. Although the emergence of resistance in P. aeruginosa dur-
ing antibiotic treatment has been described since the mid  1980s
[2], documentation of its mechanisms remains scarce. In this
context, we collected successive clonally related isolates of P.
aeruginosa from patients hospitalised in intensive care units
(ICUs) with clinically suspected nosocomial pneumonia and receiv-

ing one or several commonly used antipseudomonal antibiotics
[piperacillin/tazobactam (TZP), cefepime, meropenem, amikacin
and ciprofloxacin]. We  previously reported a markedly decreased
susceptibility occurring during therapy for each of these antibiotics
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hat was correlated in a statistically significant manner with the
roportion of their use when examined at the whole population

evel [3].
The present report builds on the observation that efflux-

ediated resistance can be upregulated in vitro upon incubation of
acteria with substrates of the corresponding transporters (see, e.g.,
4]). Efflux can decrease the activity of all commonly used antipseu-
omonal drugs, namely �-lactams (substrates of MexAB–OprM;
efepime also being a substrate of MexCD–OprJ and MexXY–OprM,
nd piperacillin and meropenem are also marginally transported by
exCD–OprJ), aminoglycosides (substrates of MexXY–OprM) and

iprofloxacin (substrate of all three abovementioned transporters
nd of MexEF–OprN) (see [5] for a review). Up to now, overex-
ression of antibiotic efflux transporters in P. aeruginosa (mainly
exXY–OprM) during treatment has been only clearly demon-

trated in clinical isolates collected from cystic fibrosis patients
eceiving repeated courses of antibiotics (see, e.g., [6] and refer-
nces cited therein). Using clonally related pairs of P. aeruginosa
solates, we show here that overexpression of efflux is frequent and
s associated with increases in minimum inhibitory concentrations
MICs) to levels above the current European Committee on Antimi-
robial Susceptibility Testing (EUCAST) and Clinical and Laboratory
tandards Institute (CLSI) clinical susceptibility breakpoints for the
ntibiotics that are substrates of the corresponding transporters.

. Materials and methods

.1. Patient selection and bacterial isolates

The study protocol was approved by the Ethical Committee of
he Faculty of Medicine of the Université catholique de Louvain
Brussels, Belgium) within the context of a grant application to the
elgian Fonds de la Recherche Scientifique Médicale (F.R.S.M.). The
atient selection criteria have been described in detail previously
3]. In brief, samples were obtained from 59 patients hospitalised
n the ICUs of five teaching hospitals in Belgium with a diagnosis (or
uspicion) of nosocomial pneumonia and for whom P. aeruginosa
ould be isolated from endotracheal aspirate, bronchoalveolar
avage, pleural fluid, empyema or blood and was considered as
he most likely cause of the disease (see [3] for detailed diagnos-
ic criteria). A first sample (D0 sample) was obtained at the time
f initial diagnosis and additional samples were collected during
he course of therapy. In the present study, we only considered
his first sample and the last usable sample of each patient (DL
ample) (no. of days after collection of D0 sample: range, 1–123
ays; mean, 23 days; median, 17.5 days) [3]. The methods used
or identification of the isolates and for assessment of clonal relat-
dness of strains within paired isolates (D0 vs. DL samples) have
een described previously [3]. This allowed for the identification of
2 clonal pairs of strains in the 59 patients. For three patients, we
bserved the presence of two different strains both in D0 and DL
amples that were clonally distinct from each other in both samples
ut were clonally related when comparing the same strain between
he D0 and the DL samples [3]. Pseudomonas aeruginosa ATCC 27853
American Tissue Culture Collection, Manassas, VA) and PAO1 [7]
eference strains were used as quality control for susceptibility test-
ng and as reference for standardisation of gene expression levels,
espectively. All strains were kept at −80 ◦C in 20% glycerol–80%
ation-adjusted Muller–Hinton broth (CA-MHB) until analysis and
ere grown overnight at 37 ◦C on tryptic soy agar plates (Becton
ickson, Franklin Lakes, NJ) before being used for experiments.
.2. Antibiotic prescription data

Data on antibiotics prescribed to the patients at the time of
neumonia diagnosis and up to 1 month before the onset of
timicrobial Agents 47 (2016) 77–83

pneumonia were collected from clinical charts. The doses, sched-
ules and mode of administration were checked against the
corresponding standards of care and were, for most of the patients,
those recommended for severe infections based on the applicable
Summary of Product Characteristics [3].

2.3. Minimum inhibitory concentration determination and
susceptibility interpretive criteria

MICs were determined by geometric microdilution in CA-MHB
according to CLSI recommendations [8]. Susceptibility was  assessed
according to both the 2014 CLSI [8] and 2015 EUCAST (http://www.
eucast.org/) interpretive criteria.

2.4. Preparation of cDNA

2.4.1. Culture of strains
Two to three colonies of each overnight culture were suspended

in 10 mL  of sterile MHB, were diluted to obtain an optical density
at 620 nm (OD620) of 0.1, and were incubated at 37 ◦C under aero-
bic conditions and shaking at 150 rpm until reaching an OD620 of
1.0 ± 0.1. Two  aliquots of 1.5 mL  were taken and were centrifuged at
5000 × g for 5 min  at 4 ◦C. After discarding the supernatants, pellets
were stored at −80 ◦C until analysis.

2.4.2. Extraction of total RNA
After sample thawing, RNA was  extracted using an RNeasy®

Kit (QIAGEN, Hilden, Germany) following the manufacturer’s rec-
ommendations. Bacterial pellets (ca. 5 × 108 CFU/100 �L) were
re-suspended in 100 �L of TE buffer [10 mM Tris–HCl, 1 mM ethy-
lene diamine tetra-acetic acid (EDTA), pH 8] containing 0.4 mg/mL
lysozyme (Sigma–Aldrich, Saint Louis, MO)  and were incubated at
room temperature for 10 min. Lysis was achieved by adding 350 �L
of commercial lysis Buffer RLT (QIAGEN) supplemented with 1%
�-mercaptoethanol (Bio-Rad, Hercules, CA) and vigorous shaking,
after which 250 �L of ethanol (96–100%) was  added to the lysate,
followed by shaking through pipetting. The suspension (usually
700 �L) was  put on an RNeasy® Mini Spin Column (QIAGEN) and
was treated exactly as recommended by the manufacturer. The
extracted RNA was stored at −80 ◦C before use.

2.4.3. RNA purification, quantification and retrotranscription
After thawing, extracted RNA was treated with Turbo DNase

I (Ambion, Austin, TX) to eliminate possible contamination with
DNA. A mix  containing 2 �L of enzyme, 10 �L of RNA, 5 �L of ad
hoc buffer and 33 �L of water was incubated for 30 min at 37 ◦C,
after which an additional 2 �L of enzyme was  added to the samples,
which were then incubated for another 30 min  at 37 ◦C. The reac-
tion was  stopped by incubation with 10 �L of DNAse Inactivation
Reagent (Ambion) for 2 min, after which samples were centrifuged
at 14 000 rpm for 2 min  and supernatants were collected and stored
at −80 ◦C. Absence of contaminating DNA was checked by per-
forming a control PCR amplification of the rpsL housekeeping gene
using the primers rpsL-F (CGGCACTGCGTAAGGTATGC) and rpsL-
R (CGTACTTCGAACGACCCTGCT). The PCR programme consisted of
10 min  at 95 ◦C, 40 cycles of 1 min  at 95 ◦C, 1 min  at 60 ◦C and 1 min
at 72 ◦C, followed by 10 min  72 ◦C. The absence of an amplicon after
gel electrophoresis was checked for. RNA was  quantified using a
Qubit® RNA BR Assay Kit (Invitrogen, Carlsbad, CA) as described
by the manufacturer. RNA was  then amplified using a Transcriptor

First Strand cDNA Synthesis Kit (Roche Applied Science, Penzberg,
Germany) following the manufacturer’s instructions, except that
only 500 ng of RNA was  used as starting material instead of 1 �g
for optimisation reasons.

http://www.eucast.org/
http://www.eucast.org/
http://www.eucast.org/
http://www.eucast.org/
http://www.eucast.org/
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Table 1
Number of patients having received at least one dose of one or several of the antibi-
otics examined in this study (i) before collection of the initial isolate (D0) or (ii)
during the period between collection of the initial isolate and collection of the last
isolate (DL). Figures in bold and on a grey background show the total number of
patients having received the corresponding antibiotic. Plain figures on a white back-
ground above (column) or on the right (row) of this bold number show the number
of  patients having also received another antibiotic [as indicated in the corresponding
extreme left column (when moving along the column) or the corresponding top row
(when moving along the row)]. None means no additional antibiotic (monotherapy
or  no antibiotic treatment).a

Antibiotic CIP MEM  TZP AMK  FEP None

Initial isolate (D0)
CIP 5 3 2 4 2 1
MEM  15 7 10 6 2
TZP  18 11 5 6
AMK 19 4 4
FEP  14 6
None 24

Last isolates (DL)
CIP 11 5 5 9 5 0
MEM  28 17 13 12 3
TZP  31 17 14 4
AMK  29 17 4
FEP  29 7
None 5

CIP, ciprofloxacin; MEM,  meropenem; TZP, piperacillin/tazobactam; AMK,
amikacin; FEP, cefepime.
The sum of the plain numbers above or on the right of each bold number may not
correspond to this bold number because some patients received more than two
antibiotics

a As an example, for D0 isolates, 18 patients received TZP (see figure in bold),

neous overexpression of mexA and mexX in 6 cases); no isolates
showed overexpression of three or four genes. Regarding the 62
DL isolates, only 24 (39%) were without increased gene expres-
sion of efflux transporters compared with PAO1, 23 (37%) showed

Fig. 1. Number of isolates expressing genes encoding for efflux systems according
to  their time of collection (D0, initial isolates; DL, last isolates). The following criteria
were used: for mexA and mexX (constitutively expressed), a 2- and 5-fold increase in
M. Riou et al. / International Journal

.5. PCR amplification of mexC and mexE

PCR amplification was performed on 5 �L of a 1:10 dilution of
urified cDNA in a final volume of 25 �L using published primers
or mexC (mexC3 and mexC4) and mexE (mexE4 and mexE5) [9] and
hose described above for rpsL (used as a positive control for each
CR reaction) and the following amplification programme: 20 s at
5 ◦C, 20 s at 60 ◦C (mexC and rpsL) or 61 ◦C (mexE and rpsL), and
0 s at 72 ◦C. Amplification products were analysed by agarose gel
lectrophoresis for detection of the expected PCR fragments.

.6. Real-time PCR amplification of mexA and mexX

The expression levels of mexA and mexX were quantified using a
eal-time PCR mex Q-TesT® (Coris BioConcept, Gembloux, Belgium)
nd iQTM SYBR® Green Supermix (Bio-Rad) following the manu-
acturer’s instructions and starting from ca. 5 ng of cDNA in a final
olume of 25 �L. Relative expression levels were calculated accord-
ng to Pfaffl’s equation [10] where PCR efficiency was calculated
ased on a standard curve (included in the mex Q-TesT® kit) per-
ormed at the same time for each gene, after normalisation by two
ndisclosed housekeeping genes included in the kit (to validate the
NA isolation and the efficiency of the reverse transcription of the
NA into cDNA) and by reference to the expression level measured

or the reference strain PAO1. According to instructions of the kit’s
anufacturer, overexpression was considered statistically signifi-

ant when reaching, respectively, 2-fold (mexA) and 5-fold (mexX)
he level measured for PAO1. All assays were made in triplicate on
wo to three independent cDNA preparations.

.7. Statistical analyses

Statistical analyses were performed using GraphPad InStat
.3.06 and GraphPad Prism v.4.3 and v.6.05 (GraphPad Software,
a Jolla, CA).

. Results

.1. Antibiotics received by the patients

Table 1 summarises the antibiotics administered to the patients
nd included in the analysis (see also [3] for details about com-
ination therapies and the suitability of antibiotic dosages and
chedules for this type of infection; four patients also received
ther antibiotics [ceftazidime, aztreonam, ceftriaxone, gentamicin
r colistin] that were not included in the present analysis). For the
0 samples, (i) approximately one-third were from patients who
ad not received any antibiotics during the preceding 1 month,
ii) another one-third were from patients having received TZP or
mikacin and (iii) approximately one-quarter were from patients
aving received meropenem or cefepime (only a few patients had
eceived ciprofloxacin). For the DL samples, most patients had
een exposed to at least one of the antibiotics included in the
nalysis. When considering exposure over the whole time period
f the study (thus either before or after the diagnosis of pneu-
onia), the majority of the isolates were derived from patients

aving received at least one �-lactam, one-half from patients hav-
ng received amikacin and approximately one-fifth from patients
aving received ciprofloxacin. Most patients had been treated with
ore than one antibiotic, either in succession or in combina-

ion.
.2. Changes in efflux transporter expression during treatment

Fig. 1 shows the proportion of initial (D0) and last (DL) iso-
ates overexpressing mexA or mexX in comparison with the basal
amongst whom 7 also received MEM  and 2 CIP (see plain figures in the column
above), while 11 also received AMK, 5 FEP and 6 no other antibiotic (monotherapy)
(see plain figures in the row to the right).

expression level in wild-type strains, or expressing mexC or mexE
(no expression in wild-type strains), or a combination thereof. Con-
sidering first the 62 D0 isolates, 40 (65%) did not show increased
gene expression of efflux transporters compared with PAO1 (no
overexpression of mexA or mexX; no detectable expression of mexC
or mexE), whilst 15 (24%) showed increased expression of a sin-
gle gene (4 for mexA, 6 for mexX, 4 for mexC and 1 for mexE)
and 7 (11%) showed increased expression of two  genes (simulta-
overexpression of levels observed in real-time PCR amplification compared with the
reference strain PAO1; for mexC and mexE, detection of a positive signal in agarose
gel  electrophoresis at the position of the expected PCR fragments. Square figures
indicate the number of efflux systems detected, with the corresponding percentages
of  isolates indicated above (D0) or below (DL) the bars.
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ncreased expression of a single gene (overexpression of mexA in 9

ases and mexX in 10 cases), 12 (19%) showed increased expression
f two genes (mexA/mexX in 11 cases), 1 (2%) showed increased
xpression of three genes (mexA/mexX/mexE) and 2 (3%) showed
ncreased expression of all four genes.

ig. 2. Box and whiskers plots of the minimum inhibitory concentrations (MICs) of the fiv
o  the expression status of mexA and mexX genes. The two  horizontal dotted lines indicat
ine  [marked E]) and Clinical and Laboratory Standards Institute (CLSI) (orange line [ma
efined as a microbial with an MIC  value of the recommended antibiotic higher than the
alue). Statistical analyses: (i) whole distribution analysis according to the efflux transpo
f  each block) correspond to statistically different MIC  distributions (one-way ANOVA; 

ICs  with clinical breakpoints: lower case letters (located at the top of the block) indicate
LSI  (c) clinical breakpoint value (t-test).
timicrobial Agents 47 (2016) 77–83

3.3. Relationship between efflux pump expression and

susceptibility to substrate antibiotics

Fig. 2 shows box-plot analyses of the MIC  distributions of the
five antipseudomonal antibiotics examined for all isolates when

e antipseudomonal antibiotics examined for all isolates (initial and last) according
e the European Committee on Antimicrobial Susceptibility Testing (EUCAST) (blue
rked C]) clinical susceptibility breakpoints, respectively (clinical resistance being

 corresponding EUCAST value and higher than or equal to the corresponding CLSI
rter overexpressed: blocks with different upper case letters (located at the bottom
Kruskal–Wallis test; Dunn’s multiple comparison test); (ii) comparison of median

 which median MIC  value is statistically significantly larger than the EUCAST (e) or
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Fig. 3. Estimated effect [odds ratio ± 95% confidence interval (CI)] of previous
antibiotic exposure on overexpression of mexA or mexX in the last isolates
(DL). The analysis took into consideration either the antibiotics received by the
patient during treatment (after collection of the first isolate; DL, black bars)
or  all antibiotics received by the patient (before collection of the initial isolate
and/or during treatment; D0/DL, grey bars). CIP, ciprofloxacin; MEM,  meropenem;
TZP, piperacillin/tazobactam; FEP, cefepime; AMK, amikacin. Values >1 denote a
potential association between previous use of the corresponding antibiotic and over-
M. Riou et al. / International Journal

tratified based on the overexpression of mexA and mexX, for which
 large proportion of the collection was positive. Overexpression
f mexA was accompanied by a statistically significant increase
n the overall MIC  distributions of ciprofloxacin and cefepime,

ith median MICs being statistically significantly higher than
he EUCAST clinical breakpoints for these two antibiotics. For

eropenem, the median MIC  also exceeded the EUCAST clinical
reakpoint but the MIC  distribution was not statistically different
rom that of strains with basal expression of mexA, essentially due to
he large spread of the individual values in both cases. Overexpres-
ion of mexA was also associated with a shift in the MIC distribution
nd in the median MIC  of TZP, but this was not statistically signif-
cant. Overexpression of mexX was associated with a statistically
ignificant increase in the overall MIC  distributions of ciprofloxacin,
mikacin, cefepime and meropenem (but again with a large spread
f individual values for the latter antibiotic), and median MICs were
tatistically significantly higher than the EUCAST clinical break-
oints for all four antibiotics. Although there was no statistically
ignificant increase in the MIC  distribution for TZP for isolates over-
xpressing mexX, the median MICs of these strains reached a value
hat was statistically significantly larger than the EUCAST clinical
reakpoint. Isolates for which both mexA and mexX were overex-
ressed showed a reduced susceptibility to all five tested antibiotics
hen considering MIC  distributions (with no apparent difference

rom isolates overexpressing mexX only for ciprofloxacin, amikacin,
eropenem and cefepime, and no apparent difference from iso-

ates overexpressing mexA only for cefepime), with median MICs
xceeding the EUCAST clinical breakpoints for all five antibiotics
nd the CLSI breakpoint for meropenem.

.4. Relationship between antibiotic exposure and overexpression
f efflux systems

Fig. 3 shows the risk factors for patients to harbour a P.
eruginosa strain overexpressing mexA or mexX at the last day
f sampling (DL) when having been administered one of the five
ntipseudomonal antibiotics examined in this study. Overexpres-
ion of mexA was associated in a statistically significant manner
ith exposure of the patient to ciprofloxacin or meropenem. Over-

xpression of mexX was more frequent but was not statistically
ignificant even in samples obtained from patients having received
iprofloxacin or amikacin. The time at which the antibiotics were
dministered (before or after diagnosis of pneumonia) did not affect
he results.

. Discussion

To the best of our knowledge, this study represents one of
he first efforts to examine in a systematic way the relationship
etween exposure to antibiotics in acute infection and the selection
f resistance mediated by the four major multidrug efflux systems
n P. aeruginosa.  Our data show that overexpression of efflux was not
nly detected in a large proportion of isolates but that it contributes
o an increase in median MICs to values above the clinical suscep-
ibility breakpoints. This conclusion stems from two convergent
bservations.

First, there was an increase in the proportion of isolates over-
xpressing mexA and mexX, which is consistent with the fact
hat most patients have been treated with one or several of
he antibiotics that are substrates of the corresponding trans-
orters. In the initial isolates (D0 samples), mexX overexpression

as the most prevalent, as reported by others [11,12]. How-

ver, mexA and mexX overexpression were equally distributed
n the last isolates (DL) from our patient population, and even
imultaneously overexpressed in the same isolates. This could
expression of the considered gene. The corresponding P-values are indicated on the
right.

result from selection of concomitant mutations in the regula-
tors of these genes [13]. Some antibiotics, however, appear more
prone to trigger a wide overexpression of genes coding for efflux
transporters than others. Thus, exposure to the universal sub-
strate ciprofloxacin resulted in the overexpression of mexA and
mexX, whilst meropenem and amikacin (preferential substrates of
MexAB–OprM and MexXY–OprM, respectively) selected predom-
inantly for the overexpression of mexA for meropenem and mexX
for amikacin. In this study, exposure of the patients to TZP did not
appear to cause mexA overexpression even though piperacillin is
preferentially transported by MexAB–OprM [14]. Future research
may  need to examine whether piperacillin may select for overex-
pression of mexA and/or whether tazobactam could interfere with
this process. The situation may  be more complex for cefepime,
which causes a simultaneous overexpression of both mexA and
mexY, perhaps consistent with the fact that, like other �-lactams,
it is transported by MexAB–OprM while being also described as
a substrate of MexXY–OprM [15]. Of note, the proportion of iso-
lates showing expression of mexC or mexE was  low in the D0
isolates and did not increase as unique genes in DL isolates. This
is consistent with the fact that ciprofloxacin is described as the
main selective agent associated with the expression of these genes

[16,17] and only a few patients received this antibiotic. Conversely,
a few DL isolates showed overexpression of mexA and/or mexX
together with expression of mexC and/or mexE (or even all four
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enes together), which, to our knowledge, has not yet been reported
n clinical strains; a recent study with non-cystic fibrosis isolates
rom Thailand showed simultaneous overexpression of up to four
ifferent Mex  systems including mexA, mexX and mexE, but not
exC [18].

As far as we could ascertain, an increase in antibiotic efflux upon
xposure to substrates in P. aeruginosa has been mainly described in
itro. However, one case report documents the acquisition of a flu-
roquinolone resistance phenotype during treatment, which was
scribed to a combination of target mutation and overexpression of
exAB–OprM [19]. Likewise, treatment with �-lactams has been

eported to cause OprM overexpression, but neither the inducer
or the transporter involved were identified [20]. In the current
tudy, confounding factors, such as the frequent occurrence of com-
ined drug regimens, may  explain the lack of association between
iperacillin or cefepime exposure and overexpression of efflux.
oreover, substrates shown to cause increased efflux in vitro may

ot necessarily express the same properties in vivo. Whilst this
ould be tested in well-designed animal experiments, it is beyond
he scope of the present study.

The second critical observation is that overexpression of genes
ncoding for antibiotic transporters is associated with an increase
n the proportion of isolates categorised as clinically resistant
sing EUCAST interpretive criteria in most of the cases. Although
hese remain in the non-resistant range when considering CLSI cri-
eria, we may  need to revisit the long-held concept that efflux
oes not play a significant role in clinical practice because it is
enerally believed to confer only low-level resistance (see [5]
or review and references cited therein). Thus, recent surveys
howed that the prevalence of mexB or mexY overexpression
s highest among meropenem- and tobramycin-non-susceptible
solates, respectively [21], and that overexpression of multiple
fflux systems can be associated with multidrug resistance in iso-
ates from non-cystic fibrosis patients [18]. On the same line,
xamination of collections of clinical strains showed that over-
xpression of mexA is a major contributing factor in resistance
o meropenem, whilst overexpression of mexX causes resistance
o cefepime or aminoglycosides [15,22,23]. Yet, and in contrast
o what has been previously observed for laboratory mutants
verexpressing both the MexAB–OprM and MexXY–OprM efflux
ystems [13], we did not systematically detect higher level resis-
ance in strains overexpressing simultaneously mexA and mexX
ompared with isolates in which only one of these two  genes
as overexpressed. Equally intriguingly, we noticed large increases

n the MICs of TZP for strains overexpressing mexX and of
efepime for strains overexpressing mexA, illustrating that these
ntibiotics may  be more avidly transported by MexAB–OprM
nd MexXY–OprM than anticipated. In this context, cefepime
as already been described as a substrate of MexAB–OprM and
exCD–OprJ [24].
This work suffers from limitations related both to the experi-

ental and the clinical set-ups of the work. First, we only looked for
hanges in the expression of genes encoding for key components of
he transporters studied. These changes may  not necessarily predict
ommensurate changes in protein amounts and in effective trans-
ort activity (we did not test for changes in MIC  using efflux pumps

nhibitors, but this has been done previously on a limited number of
aboratory and clinical isolates and showed that these parameters

ere well correlated [25]). Whilst proteomic and functional studies
ould have been desirable, these could not be undertaken at this

tage. Also, in the context of the current study we could not exam-
ne the role of adaptive resistance in the MIC  increases observed

or aminoglycosides. Second, we were limited in our approach by
he actual management of patients with severe infections and hos-
italised in ICUs, which most often involves the administration of
everal antibiotics as well as of many other drugs. Thus, patients not
timicrobial Agents 47 (2016) 77–83

only often received antibiotics before collection of the first isolate
but, for the majority of them, were treated with several antibi-
otics either in combination or successively. Third, we  could also
not exclude that other non-antibiotic drugs could have triggered
the overexpression of efflux systems; such effects, however, are
mainly described in vitro and at supratherapeutic concentrations
[26,27]. Moreover, MIC  values may  have been influenced by other
mechanisms than efflux, which were not studied here. These diffi-
culties are the price to pay for working with isolates obtained from
patients as they are treated today, so as to ensure the potential clin-
ical significance of the observations. Lastly, the present study did
not examine other mechanisms of resistance that may  contribute to
the overall non-susceptibility of the organisms. As explained in the
Introduction, this work specifically focused on efflux and should be
complemented with a study of other mechanisms, which we hope
to be able to present in a future report.

Despite these limitations, the present study may nevertheless
lead to meaningful conclusions for both the clinical microbiol-
ogist and the clinician. First, we documented that active efflux
is a frequent mechanism involved in multidrug resistance in P.
aeruginosa in patients with acute infection and limited treat-
ment duration. Second, since efflux selected during treatment
can confer cross-resistance between antibiotics of different phar-
macological classes, there is a clear necessity to closely monitor
the susceptibility patterns of the isolates during therapy and to
use appropriate diagnostic methods. Third, since overexpression
of efflux systems was occurring during standard-of-care therapy,
using recommended and widely accepted antibiotic dosages and
schedules of administration, we  may  need to critically revisit these
recommendations, paying further attention to other parameters
than serum concentrations, as proposed for setting susceptibility
breakpoints [28]. This could include measurement of the actual lev-
els of penetration of the antibiotics at the site of infection [29] and
an assessment of how this favours or disfavours the emergence
of efflux-mediated resistance. In a broader context, by decreasing
the intrabacterial concentration of antibiotics, efflux may  favour
the effective expression of other mechanisms of resistance, as
shown for enzyme-mediated resistance to aminoglycosides [30]
and, thereby, participate in the demise of our antibacterial arma-
mentarium.
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